Extracellular vesicles (EV), comprising exosomes (30--100 nm; formed by inward budding of the endosomal membrane) and microvesicles (MV; 100--1,000 nm; outward budding from plasma membranes; otherwise known as "microparticles," "ectosomes" or "shed vesicles/particles"), are released by cells and carry proteins, RNA, micro-RNA, and DNA fragments from their cells of origin to other parts of the body via blood and other body fluids ([@CIT0001]--[@CIT0003]). The biogenesis, purification, contents of proteins and nucleic acids, and functions of these particles have been reviewed ([@CIT0001], [@CIT0004]--[@CIT0009]) along with known roles of tumour-derived EV in cancer progression, chemo-resistance, and immune escape ([@CIT0010]--[@CIT0014]).

Disease-specific EV from blood and other body fluids could provide molecular signatures that aid in diagnosis and prognosis. However, the detection and profiling of disease-specific EV from body fluids has been challenging ([@CIT0015]). Due to their small size, EV are difficult to profile by flow cytometry, while the use of mass spectrometry requires purification of the EV subset of interest (e.g. cancer-derived EV) from soluble proteins, protein aggregates, and other EV subsets in plasma and other body fluids.

This article describes the use of an antibody microarray (DotScan) to determine surface protein profiles of EV recovered from the conditioned media of human cancer cell lines, and the application of this method to the detection and analysis of leukaemia-derived EV from the blood of patients with B-cell chronic lymphocytic leukaemia (CLL), the most common form of leukaemia in the Western world ([@CIT0016]). We have used CLL as a model to study cancer-derived EV that accumulate in the blood ([@CIT0017]). CLL is characterized by the progressive accumulation of mature, monoclonal CD19^+^/CD5^+^ B-cells in the peripheral blood, bone marrow, lymph nodes, and spleen ([@CIT0018],[@CIT0019]).

DotScan consists of a panel of immobilized antibodies that recognize cluster of differentiation antigens on live cells or EV, which are captured by the corresponding surface antigens. The diagnostic capability of DotScan for the analysis of cells from human blood or bone marrow has been validated with a clinical trial involving 796 leukaemia patients and normal subjects, with a \>95% correspondence between the diagnoses made using DotScan alone and diagnoses from the multiple criteria routinely used by pathology laboratories ([@CIT0020]). DotScan has also been used to profile the surface proteins of live cells recovered from disaggregated colorectal and melanoma tumours ([@CIT0021]--[@CIT0023]).

In this study, we have used EV from several human cancer cell lines to optimize DotScan for profiling cancer-derived EV and applied this protocol to analyse human plasma-derived EV. Ultracentrifugation was used to isolate EV from patient plasma, after the removal of platelets and platelet-derived EV. Although the isolation of cell line-derived EV from conditioned medium included the centrifugation at 10,000×g for 20 min (4°C) to deplete MV, this step was omitted when EV were purified from plasma. CLL-derived EV captured on DotScan were profiled by detection with a biotinylated CD19 antibody, without separating exosomes from MV. The strict separation of exosomes and MV is difficult, as their size distributions can overlap significantly ([@CIT0024]). Separation based on differential protein expression can also be problematic as different subsets of secreted EV may contain many common markers ([@CIT0025]); also expression levels of exosome markers (CD9, CD63, or CD81) may vary or be undetectable ([@CIT0026],[@CIT0027]). The relative contributions of exosomes and MV to cancer progression have not yet been defined; however, both subsets of EV can transfer biomolecules from cancer cells to recipient cells ([@CIT0013]), and therefore, their combined protein profiles may be informative.

Materials and methods {#S0002}
=====================

Human cell lines {#S0002-S20001}
----------------

LIM1215 (colorectal cancer ([@CIT0028])) cells were obtained from Dr Briony Forbes (University of Adelaide, Adelaide, Australia); MEC1 (B-cell CLL ([@CIT0029])) cells were from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in a 5% CO~2~ incubator in RPMI 1640 medium, containing 100 U/ml penicillin/streptomycin (Life Technologies, Mulgrave, VIC, Australia) and 10% foetal calf serum (FCS; In Vitro Technologies, Noble Park North, VIC, Australia). Non-adherent MEC1 cells were harvested by centrifugation at room temperature (400×g, 5 min, 23°C), while adherent LIM1215 cells were collected after 5 min incubation at 37°C with 0.05% trypsin-EDTA (Life Technologies).

Antibodies and other reagents {#S0002-S20002}
-----------------------------

Antibodies used to make microarrays, with their concentrations, are listed in Supplementary Table 1. Antibody hybridoma clones were selected for their ability to recognize extracellular epitopes of proteins on human cells. Most antibody solutions contained 0.1% (w/v) bovine serum albumin (BSA). However, for some antibodies, BSA reduced the sensitivity of detection, so was omitted as indicated (Supplementary Table 1). Isotype control antibodies (±BSA) were included in the microarray to detect non-specific binding. Biotinylated EpCAM (CD326) and CD19 antibodies (BioLegend, San Diego, CA, USA; catalogue numbers 324216 and 302203, respectively) were used to detect EV derived from LIM1215 and MEC1/CLL cells, respectively, captured on DotScan microarrays. Streptavidin poly-HRP and SuperSignal West Pico Chemiluminescent Substrate were purchased from Thermo Scientific (Rockford, IL, USA). BSA was from Sigma-Aldrich (Castle Hill, NSW, Australia).

Purification of EV from conditioned growth medium {#S0002-S20003}
-------------------------------------------------

LIM1215 and MEC1 cells were grown to late exponential phase in 175 cm^2^ flasks. LIM1215 cell monolayers were washed twice with phosphate-buffered saline (PBS) and incubated for 24 h at 37°C with 20 ml of growth medium containing 10% FCS depleted of EV by ultracentrifugation (100,000×g, 16 h, 4°C). This medium showed negative results for EV when tested with DotScan and did not interfere with isolation and analysis of isolated EV. Late exponential phase MEC1 cells were washed twice in PBS by centrifugation (400×g, 5 min, 23°C) and cultured overnight (16 h) in 20 ml of medium with 10% EV-depleted FCS. EV were purified from conditioned medium using a method based on previous protocols ([@CIT0030],[@CIT0031]). Briefly, after removal of cells (300×g, 10 min, 23°C), supernatants were centrifuged (1,500×g, 10 min, 23°C, followed by 10,000×g, 20 min, 4°C). EV-containing medium was then concentrated \~4-fold by stirred-cell ultrafiltration on 100 kDa filters (Millipore, North Ryde, NSW, Australia), as previously described ([@CIT0032],[@CIT0033]). EV were collected by ultracentrifugation (100,000×g, 16 h, 4°C). Medium supplemented with 10% EV-depleted FCS was used, rather than serum-free medium, to minimize cellular stress effects on EV protein composition ([@CIT0034]). EV pellets were stored at −80°C and thawed quickly in a 37°C water bath before resuspension for DotScan analysis and NanoSight analysis.

Purification of cells and EV from blood {#S0002-S20004}
---------------------------------------

Blood samples (10 ml, generally non-fasting) were collected into anti-coagulant tubes (heparin, EDTA or citrate) from CLL patients with progressive disease ([@CIT0035]) and normal donors, with local ethics approval and informed patient consent. Three of four CLL blood samples available for this study were collected into heparin and one into EDTA (Supplementary Table 2). Patients were not treated for at least 2 months before blood collection. Blood was processed within 2--4 h of collection. After centrifugation on Histopaque (Sigma-Aldrich, Castle Hill, NSW, Australia; 400×g, 30 min, 23°C, without brake), peripheral blood mononuclear cells (PBMC) and plasma were collected. A protease inhibitor cocktail (Roche, Castle Hill, NSW, Australia) was added to the plasma that was then centrifuged (3 times, 2,500×g, 20 min, 4°C) to deplete platelets ([@CIT0017]) before being frozen at −80°C. Frozen clarified plasma (3.5--5 ml) was thawed quickly in a 37°C water bath and diluted to 17 ml with PBS containing 5 mM EDTA, regardless of the anti-coagulant used for collection of the blood sample, in polyallomer centrifuge tubes (16×102 mm; Beckman Coulter, Mount Waverley, VIC, Australia), and EV were pelleted (100,000×g, 16 h, 4°C). Pellets were re-suspended in 200 µl magnetic cell sorting (MACS) buffer (0.5% (w/v) BSA, 20 mM EDTA in PBS, pH 7.2), with thorough disaggregation of EV pellets. Platelet-derived EV were depleted using CD61 antibody-coated magnetic beads (Miltenyi Biotec, Macquarie Park, NSW, Australia). The beads were added to the EV suspension in the ratio of 18 µl beads per ml of original plasma and rotated (10 rpm, 1 h, 4°C), then passed through an LS column (Miltenyi Biotec, Macquarie Park, NSW, Australia) in a strong magnetic field using a QuadroMACS separator (Miltenyi Biotec). The columns were washed with 2 ml of MACS buffer, and the eluent centrifuged (100,000×g, 3.5 h, 4°C). CD61-depleted EV pellets were re-suspended to 300 µl with RPMI-1640 medium and analysed by NanoSight and DotScan without re-freezing. EV captured on the CD61 antibody-coated magnetic beads were also analysed by DotScan after elution from columns by removal of the magnetic field, to confirm that they expressed typical platelet markers (unpublished data).

Nanoparticle tracking analysis (NanoSight) {#S0002-S20005}
------------------------------------------

EV diameters and concentrations were measured over a period of 60 s at 25 frames/s using the NanoSight LM10-HS system with a tuned 405 nm laser (NanoSight Ltd, Amesbury, UK) and nanoparticle tracking analysis software (NTA version 2.3; Malvern Instruments, Malvern, UK). EV samples were diluted in PBS to enable the NanoSight NTA software to detect 10^8^--10^9^ particles/ml using video capture of Brownian movement via the standard CMOS CCD camera of the microscope (camera gain 300; shutter 14.99; frame rate 24.99), with the temperature of the laser unit set at 24°C. To calculate the number of EV used for DotScan, the measured EV concentrations (particles/ml) were adjusted for the dilution factor and the volume applied to the microarrays.

Preparation of DotScan antibody microarrays {#S0002-S20006}
-------------------------------------------

Antibodies (10 nl; Supplementary Table 1) were applied to Oncyte nitrocellulose-coated slides (Grace Bio-Labs, Bend, OR, USA) using a PixSys 3200 Aspirate and Dispense System (BioDot, Irvine, CA, USA), as previously described ([@CIT0036]). The first section of each microarray consisted of 81 of the original 82 antibodies of the DotScan leukaemia microarray ([@CIT0036]). An additional 44 antibodies, against surface proteins on colorectal cancer (CRC) cells with prognostic potential, were added as a "satellite" microarray ([@CIT0024]). A third section contained several dilutions of isotype control antibodies and a humanized therapeutic antibody, Mabthera (rituximab; Roche, Castle Hill, NSW, Australia), recognizing CD20. Antibodies were used at concentrations ranging from 50 to 1,000 µg protein/ml, as previously determined for optimal cell capture that correlated with analysis by flow cytometry ([@CIT0020],[@CIT0037]). DotScan microarrays were blocked with 5% Diploma skim milk (Fonterra, Macquarie Park, NSW, Australia) in PBS, washed, dried and stored at 4°C with desiccant.

DotScan analysis of cells {#S0002-S20007}
-------------------------

Live human cells (3--5×10^6^) were washed in PBS and re-suspended in 300 µl RPMI-1640 medium (no FCS). The cells were applied to DotScan microarrays that had been rehydrated in PBS and then placed in a humidified chamber. The capture of cells on antibody dots of the microarray requires live cells, where CD antigens "cap" to the interface between the cells and dots ([@CIT0038]). Longer incubation times are required for large cells (e.g. tumour cell lines) than for small cells (e.g. leukaemia cells) to ensure capture. Microarrays were incubated with cells for 1 h at 37°C (LIM1215), 30 min at 23°C (MEC1) or 12--15 min at 23°C (PBMC from CLL patients). A longer incubation time was required for the capture of the larger LIM1215 cells than for MEC1 cells and CLL cells from patient blood. Unbound cells were gently washed off by immersion in PBS (10--20 s) and bound cells were fixed with 3.7% (w/v) formaldehyde in PBS (2 h, 23°C). Fixative was removed with 3 gentle washes in PBS (total 5 min). While still moist, cell-binding patterns were recorded by optical scanning, using a DotScan DotReader and data analysis software (Medsaic, Darlington, NSW, Australia) ([@CIT0036]) that record digital images of cell-binding patterns on microarrays. Visible dots were considered to be positive, with the limit of detection \~100 cells. Dot intensities were quantified using ImageQuant (version 7; GE Healthcare Australia, Rydalmere, NSW, Australia). After background and isotype control subtraction and median centred normalization ([@CIT0039],[@CIT0040]), duplicate results were averaged.

DotScan analysis of EV from cell culture medium {#S0002-S20008}
-----------------------------------------------

EV (10^8^--10^11^ particles/200 µl FCS-free medium) were captured on DotScan by incubation at 4°C for 16 h, with gentle rocking. A border drawn with a hydrophobic pen (Vector Laboratories, Burlington, CA, USA) was used to restrict liquid samples to the microarray area. Unbound EV were washed off with a single vertical immersion in 20 ml PBS (20 s), and bound EV were fixed to the antibody microarray with 3.7% (w/v) formaldehyde/PBS (2 h, 23°C). Slides were washed by vertical immersion in 20 ml PBS (3 times, 2 min each) and blocked for 20 min at 23°C with 200 µl blocking buffer (1% w/v BSA in PBS) before addition of 200 µl of the following concentrations of biotinylated antibody in blocking buffer: 0.05 µg/ml for CD326 (EpCAM; clone 9C4); 2.5 µg/ml for CD19 (clone HIB19). After 60 min incubation at 23°C and 3×2 min washes in PBS, microarrays were incubated with 200 µl of streptavidin poly-HRP (1.25 ng/ml in blocking buffer) for 30 min at 23°C. After 4 washes, 300 µl of SuperSignal West Pico Chemiluminescent Substrate (prepared according to the manufacturer\'s instructions) was added. After 5 min at 23°C, excess reagent was drained off and slides were carefully overlaid with a piece of overhead projector plastic and exposed to Amersham Hyperfilm ECL (GE Healthcare, Buckinghamshire, UK) for 5--30 min, as required. A GS-900™ Calibrated Densitometer (Bio-Rad, Hercules, CA, USA) was used for densitometric scanning of ECL films. Visible dots were considered to be positive. Dot luminescence intensities were quantified using ImageQuant (as above). After background and isotype control subtraction and median-centred normalization, duplicate results were averaged.

DotScan analysis of EV from plasma {#S0002-S20009}
----------------------------------

The protocol was similar to that for DotScan analysis of EV from cell culture medium (above), except EV were profiled in the presence of 2% heat-inactivated human AB serum (Sigma-Aldrich, Castle Hill, NSW, Australia) to block the non-specific Fc receptor binding ([@CIT0041]) that was occasionally seen with plasma-derived EV. No EV profiles were detectable in 2% heat-inactivated human serum alone.

Results {#S0003}
=======

Profiling of cancer cell lines and their EV {#S0003-S20001}
-------------------------------------------

[Figure 1](#F0001){ref-type="fig"} shows surface profiles of live LIM1215 cells acquired using optical detection with a DotScan scanner ([Fig. 1](#F0001){ref-type="fig"}b) and those of LIM1215-derived EV ([Fig. 1](#F0001){ref-type="fig"}c) using ECL detection. These EV particles, enriched for exosomes by differential centrifugation, ranged in size from 30 to 400 nm by NanoSight analysis ([Fig. 1](#F0001){ref-type="fig"}d), with a mode size of 101 nm (the value of the highest point of the peak, i.e. the most frequently occurring size). The Venn diagram ([Fig. 1](#F0001){ref-type="fig"}e) shows the antigens co-expressed on cells and EV, and those detected on cells or EV alone. Of the 34 antigens detected on the LIM1215 cells, 24 (70.6%) were also detected on their EV. TSP-1 was detected on the LIM1215 EV, but not the cells.

![DotScan analysis of LIM1215 cells (b) and their EV (c). The key (a) shows antibody locations, with shaded antibodies indicating cell capture. Duplicate antibody arrays (outlined) are surrounded by a frame of alignment dots consisting of a mixture of CD44/CD29 antibodies. Detection of captured cells was by optical scanning (b). EV (7.8×10^8^ particles derived from 335 µl of LIM1215-conditioned medium) were detected by ECL using biotinylated EpCAM (CD326) antibody, with a 10 min exposure on ECL film (c). NanoSight analysis shows the size distribution of LIM1215 EV (d). The number above the peak represents mode size in nm. A Venn diagram compares surface profiles of LIM1215 cells with their EV (e). TCR, T-cell receptor; κ, λ, immunoglobulin light chains kappa, lambda; sIg, surface immunoglobulin; DCC, deleted in colorectal cancer protein; EGFR, epidermal growth factor receptor; FAP, fibroblast activation protein; HLA-ABC, HLA-DR, human leukocyte antigens A, B, C and DR, respectively; MICA, MHC class I chain-related protein A; MMP-14, matrix metallopeptidase 14; PIGR, polymeric immunoglobulin receptor; TSP-1, thrombospondin-1; Mabthera, chimeric mouse/human anti-CD20. G1, G2a, G2b and M are murine isotype control antibodies IgG1, IgG2a, IgG2b and IgM, respectively. The numbers 500, 200 and 50 refer to isotype control antibody concentrations in µg/ml. NB means no BSA in the antibody solution; these antibodies were at 500 µg/ml. Antibody details are listed in Supplementary Table 1 of Supplementary Material.](JEV-5-25355-g001){#F0001}

[Figure 2](#F0002){ref-type="fig"} shows a comparison of the surface profiles of MEC1 cells ([Fig. 2](#F0002){ref-type="fig"}b) and their EV ([Fig. 2](#F0002){ref-type="fig"}c). NanoSight analysis of MEC1 EV ([Fig. 2](#F0002){ref-type="fig"}d) showed particles with a mode size of 114 nm. Of the 36 proteins detected on the cells, 25 (69.4%) were also detected on their EV, as summarized in the Venn diagram ([Fig. 2](#F0002){ref-type="fig"}e). CD15 and CD31 were detected on the MEC1 EV, but not the cells.

![DotScan profiling of MEC1 cells (b) and their EV (c). The key (a) shows locations of antibodies (as for [Fig. 1](#F0001){ref-type="fig"}), with shaded antibodies indicating cell capture. Detection of captured cells was by optical scanning (b). EV (7.35×10^10^) were detected by ECL using biotinylated CD19 antibody, with a 5 min exposure on ECL film (c). NanoSight analysis shows the size distribution of MEC1 EV (d). A Venn diagram (e) compares surface profiles of MEC1 cells with their EV. The number above the peak represents mode size in nm.](JEV-5-25355-g002){#F0002}

Profiling of CLL cells and their EV from blood {#S0003-S20002}
----------------------------------------------

[Figure 3](#F0003){ref-type="fig"}a summarizes the protocol for preparation of PBMC and CD61-depleted EV from the blood of CLL patients and healthy controls. Enrichment for CLL-derived EV from plasma was necessary to achieve the required sensitivity for the assay. CLL-derived EV profiles were not clearly detected when plasma (300 µl) was tested directly on DotScan, probably due to interference from plasma proteins and platelet-derived EV. The removal of CD61^+^ EV by magnetic beads was confirmed by comparing DotScan profiles for CD61-depleted and non-depleted EV using biotinylated CD61 antibody for detection (results not shown); also the CD61^+^ EV captured on magnetic beads showed distinct platelet-like profiles on DotScan (CD41^+^, CD42a^+^, CD61^+^, CD62P^+^; unpublished data). Although citrate anti-coagulant has been recommended for proteomic studies because it induces fewer platelet-derived MV ex vivo ([@CIT0042],[@CIT0043]), results from 3 independent experiments comparing blood samples collected into different anti-coagulants (citrate, heparin, EDTA) from healthy donors (unpublished data) demonstrated no significant differences (p\>0.05 by two-tailed, paired student\'s t-test) in yield of CD61-depleted EV (determined by NanoSight analysis) or their normalized DotScan profiles (with CD45 detection). However, EV pellets from heparin were stickier than those from EDTA or citrate. The average yields of CD61-depleted EV were almost identical for heparin and citrate, but \~1.5-fold lower for EDTA. Despite this difference in average yield, the intensity of DotScan binding before normalization was similar for CD61-depleted EV from citrate and EDTA, but \~2-fold lower from heparin. Results were also more consistent between duplicate microarray panels for EDTA and citrate.

![Workflow for preparation of PBMC and CD61-depleted EV from blood (a), with DotScan profiling (b--d). The key (b) shows antibody locations, with shaded antibodies indicating cell capture. DotScan analyses are shown for 3×10^6^ PBMC (c) and CD61-depleted EV from 10 ml of blood (d) from an 87-year-old female CLL patient (Patient 1) with a white blood cell count of 45.3 x10^9^/L. EV were tested in the presence of heat inactivated human AB serum (2%). Detection of captured cells was by optical scanning (c). EV were detected by ECL using biotinylated CD19 antibody, with a 30 min exposure on ECL film (d). NanoSight analysis (e) compares the average size distributions (tested in triplicate) of EV in the plasma and purified CD61-depleted EV from the plasma. The results are shown as average number of particles per ml of plasma before and after enrichment for CD61-depleted EV; the numbers above the peaks represent mode sizes in nm. A Venn diagram (f) compares surface profiles of patient CLL cells and their EV.](JEV-5-25355-g003){#F0003}

DotScan profiles are shown for PBMC ([Fig. 3](#F0003){ref-type="fig"}c) and CD19^+^ EV ([Fig. 3](#F0003){ref-type="fig"}d) from CLL Patient 1 with a white blood cell count of 45.3×10^9^/l plasma (Supplementary Table 2). NanoSight analysis comparing total particles in the plasma with the CD61-depleted EV recovered from the plasma ([Fig. 3](#F0003){ref-type="fig"}e) shows that \~10% of particles in the plasma were recovered by this procedure, and the size distribution of particles (50--250 nm) was not much altered after EV purification, with mode sizes of 72 and 65 nm, respectively. Although lipoprotein particles may contribute to the EV counts in non-fasting plasma, they are removed by ultracentrifugation ([@CIT0044]).

The DotScan profile for the CLL cells of this patient ([Fig. 3](#F0003){ref-type="fig"}c) showed a typical CLL profile, as described previously ([@CIT0045]), with little or no detection of antigens from normal T-cells (TCRα/β, CD2, CD3, CD4, CD8) or myeloid cells (CD13, CD14, CD15, CD33) that represent relatively small subpopulations in advanced CLL patients with high white blood cell counts. The CD19^+^ EV profile shown in [Fig. 3](#F0003){ref-type="fig"}d (CD5, CD19, CD21, CD31, CD37, CD44, CD49c, CD49d, CD52, CD55, CD62L, CD63, CD82, HLA-DR and HLA-A,B,C) represented a subset of the antigens detected on the corresponding CLL cells (12 of 32; 37.5%), with CD49d, CD52 and CD62L detected on the EV, but not the cells. The co-expression of CD19 (B-cell antigen) and CD5 (aberrantly expressed T-cell antigen) is diagnostic for CLL ([@CIT0046]). As shown in the Venn diagram ([Fig. 3](#F0003){ref-type="fig"}f), the following antigens detected on the cells were not seen on the corresponding EV: B-cell antigens CD20, CD22 and CD23; integrins CD11a, CD11b, CD11c, CD29; CD38, an important prognostic marker in CLL ([@CIT0047]); CD25, CD40, CD43, CD45RA, CD47, CD58, CD59, CD71; and tetraspanin CD151. As for MEC1-derived EV, sIg and κ were not detected. However, these antigens would have been blocked, if present, by immunoglobulin in the human AB serum (added to prevent occasional non-specific Fc receptor binding of EV from human plasma), not required for testing MEC1-derived EV. CD19^+^ EV from the same volume of blood from age- and gender-matched healthy individuals were not detected.

Averaged normalized DotScan data from 4 CLL patients (Supplementary Table 2) are shown in [Fig. 4](#F0004){ref-type="fig"}. Of the 38 antigens detected on the cells of 2 or more patients ([Fig. 4](#F0004){ref-type="fig"}a), \~33% were also detected on the corresponding CD19^+^ EV ([Fig. 4](#F0004){ref-type="fig"}b), with strong expression of CD19, CD31, CD44, CD55 and CD62L; moderate levels of CD5, CD82, HLA-A,B,C and HLA-DR; and very low levels of CD21, CD49c and CD63. CD5 was not detected on CD19^+^ EV from Patient 4, whose CLL cells were only weakly positive for CD5 by DotScan. Flow cytometry confirmed that only 19% of this patient\'s CD19^+^ leukaemia cells co-expressed CD5 (clinical data). CD19 levels were similar for all 4 EV samples after normalization, confirming that CD19-biotin antibody was suitable for the detection of CLL-derived EV. By contrast, the tetraspanins CD9, CD63 and CD151 were very low or below the limit of detection, while CD62L (L-selectin) was high on EV compared to cells. Compared to CLL cells, EV showed low CD5, CD21, CD82, HLA-ABC and HLA-DR (relative to CD19), and the B-cell antigen CD20 was not detected by either of the CD20 antibodies.

![Comparison of DotScan surface profiles of PBMC (3×10^6^ cells; a) and CD19^+^, CD61-depleted EV (b) from the blood of CLL patients (n=4). DotScan analysis was carried out as for [Figure 3](#F0003){ref-type="fig"}. After background and isotype control subtraction and median centred normalization, averaged duplicate binding intensities (expressed in arbitrary units, Au) are shown for 38 antigens, each of which was detected on the cells of at least 2 of 4 CLL samples.](JEV-5-25355-g004){#F0004}

Discussion {#S0004}
==========

The results show that DotScan can be used to profile EV derived from cancer cell lines or the plasma of CLL patients, with antibody detection of specific surface markers, such as EpCAM (CD326) for LIM1215 colon cancer, or CD19 for CLL. The activity and specificity of each antibody used in DotScan was previously determined using cell lines and cells from human blood, bone marrow and cancer tissue samples (not shown). As discussed previously ([@CIT0020],[@CIT0037],[@CIT0048]), the dot intensities of DotScan data reflect the level of binding of cells (or EV) to the antibody dots and are semi-quantitative. The binding patterns of cells (or EV) on DotScan depend on the proteins expressed on their surfaces at levels above a certain threshold for capture that may vary with the affinity of each antibody and its accessibility to the relevant antigenic epitope. The larger the cell or particle, the more antibody interactions are required for capture. The binding intensities also depend on the number of cells or particles expressing each antigen, until saturation is reached. The sensitivity of the EV assay (i.e. the minimum number of particles required for DotScan detection of a distinctive surface profile for an EV sample) depends on the proportion of EV expressing the antigens recognized by immobilized antibodies, the level of target antigen detected by the biotinylated detection antibody and the ECL exposure time.

CD326 was expressed at high levels on LIM1215 cells and their EV ([Fig. 1](#F0001){ref-type="fig"}b, c), and was therefore a suitable detection antigen for this cell line. Other antigens detected strongly on LIM1215 cells and their EV included CD9, CD29, CD44, CD49c, CD49f, CD55, CD63, CD66c, CD66e, CD71, CD98, CD104, CD151 and HLA-A,B,C. Compared to cells, EV showed greatly reduced binding for CD10, CD26, CD49e, CD51, CD54, CD58, CD59, CD82, CD95, CD166, CD262, CD340, A33 and EGFR ([Fig. 1](#F0001){ref-type="fig"}b, c), reflecting selective recruitment and compartmentalization of antigens during EV biogenesis ([@CIT0049]--[@CIT0053]). Interestingly, thrombospondin-1 (TSP-1) was detected on the EV, but not on the cell surface. TSP-1 is secreted by a variety of cells, including LIM1215 ([@CIT0054]), and has previously been identified in LIM1215-derived exosomes ([www.exocarta.org/gene_summary?gene_id=7057](http://www.exocarta.org/gene_summary?gene_id=7057)). In colorectal and other cancers, TSP-1 appears to play a complex role in tumour progression (anti-angiogenic and pro-tumorigenic) that has not been fully elucidated ([@CIT0055]--[@CIT0058]). The role of EV-associated TSP-1 in cancer progression is not known.

EV from the MEC1 cell line were used to optimize DotScan for the subsequent detection of CLL-derived EV from the plasma of CLL patients. Although derived from a CLL patient, MEC1 cells differ from typical CLL cells in their loss of expression of CD5 ([@CIT0029]), as confirmed by DotScan ([Fig. 2](#F0002){ref-type="fig"}b). B-cell antigens CD19 and CD21 were detected strongly on both MEC1 cells and their EV ([Fig. 2](#F0002){ref-type="fig"}b, c). However, the B-cell antigens CD22 and CD23, strongly detected on MEC1 cells, were not detected on their EV ([Fig. 2](#F0002){ref-type="fig"}b, c). They were also previously reported to be absent from the exosomes of several B-cell lymphoma cell lines with these antigens ([@CIT0026]). Surface immunoglobulin (sIg) with kappa light chain (κ), expressed on the MEC1 cells, was not detected on MEC1-derived EV. CD20 was detected on MEC1 cells and their EV by the Mabthera CD20 antibody (clone MB2 A4). However, the other CD20 antibody (clone H299/B1) captured only cells. This suggests that the Mabthera epitope of CD20 comprising amino acid residues 168--175 ([@CIT0059]) remains intact on the surface of MEC1 EV, while the H299/B1 epitope comprising residues 172--178 ([@CIT0059]) may be lost or become inaccessible to the immobilized antibody. Although the significance of this difference is not yet understood, it is interesting to note that CD20 antibodies have been classified as Type 1 (e.g. Mabthera) and Type II (e.g. clone H299/B1) based on their different mechanisms of killing B-cells and the epitope position on CD20 ([@CIT0059]).

The tetraspanins CD82 and CD151 were detected strongly on both MEC1 cells and their EV ([Fig. 2](#F0002){ref-type="fig"}b, c). In contrast, tetraspanins CD9 and CD63, considered to be exosome markers ([@CIT0006]), were not detected on MEC1-derived EV ([Fig. 2](#F0002){ref-type="fig"}c), although detected strongly on LIM1215 EV ([Fig. 1](#F0001){ref-type="fig"}c). CD63 (but not CD9) was detected on MEC1 cells. The absence of CD9 was previously reported for exosomes from the Ramos, Sudhl4 and Sudhl6 B-cell lymphoma lines ([@CIT0026]), while lack of CD63 was reported for exosomes derived from stimulated primary B-cells ([@CIT0027]). Interestingly, CD15 (Lewis-X antigen) and CD31 (PECAM-1) were detected only on EV. CD15s (Sialyl Lewis X) and CD62L (L-selectin), strongly detected on EV, were only faintly detected on cells. These antigens may be enriched on EV due to the selective recruitment and compartmentalization during EV biogenesis ([@CIT0049]--[@CIT0053]). Optimal profiles for MEC1-derived (CLL) EV were obtained with ≥8×10^9^ particles using biotinylated CD19 antibody for detection. The limit of detection was approximately 2×10^6^ MEC1 particles per antibody dot (6.5×10^8^/assay).

In this study, our aim was to detect CLL-derived EV in the plasma of patients and define their surface profiles. It has been suggested that CLL-derived EV might be important in the establishment of a pro-survival microenvironment in CLL ([@CIT0060]). CLL-exosomes have been shown to switch endothelial and mesenchymal stroma cells into cancer-associated fibroblasts to sustain leukaemic cell survival *in vitro* ([@CIT0061]). Larger circulating EV (100--1,000 nm in diameter) from CLL patients were shown to stimulate bone marrow stromal cells, inducing the production of B-cell survival factor hypoxia-inducible factor-1α ([@CIT0017]). CD62L, a homing receptor, is thought to have a pro-survival role in CLL cells ([@CIT0062]). Paradoxically, however, low expression of CD62L on CLL cells is associated with poor prognosis ([@CIT0063]). In our study, CD62L (L-selectin) was high on CLL EV compared with the corresponding CLL cells (Figs. [2](#F0002){ref-type="fig"}, [3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}), suggesting that the reported shedding of CD62L from CLL cells ([@CIT0064]) may occur via EV.

The high levels of CD62L detected by DotScan on the surface of CLL-derived EV from 4 patients with progressive disease ([Figs. 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}) suggest a possible role for this protein. CD62L could play a role in the homing of these EV to areas of the body where they may offload their protein and miRNA cargo, activating key signalling pathways and modulating gene expression, to suppress immune responses and/or promote disease progression. Such effects could be of particular importance for CLL with the advent of novel protein kinase inhibitors such as ibrutinib ([@CIT0065]) and idelalisib ([@CIT0066]) that induce clinical remissions accompanied by marked lymphocytosis due to interference with B-cell signalling in the lymph node microenvironment.

It has been suggested that CD20 on exosomes in patients with B-cell malignancies may act as a decoy for rituximab, leading to protection against this therapeutic antibody ([@CIT0067],[@CIT0068]). These investigators reported CD20 on exosomes produced *in vitro* from B-cell lymphoma cell lines and primary CLL or B-cell lymphoma cells. In our study, CD20 was detected with rituximab on EV prepared *in vitro* from MEC1 CLL cells, but not on CLL EV isolated from the plasma of 4 patients. Using flow cytometry, Caivano et al. ([@CIT0069]) found that CD20^+^ EV were significantly less numerous than CD19^+^ EV in the plasma of patients with CLL or other B-cell lymphomas. They suggested that CD20 may be excluded from the surface of CLL EV during their generation. The level of expression of CD20 on CLL-derived EV may, in part, depend on the conditions under which they are generated. The exclusion of other surface proteins, such as CD22, CD23, CD40 and CD45RA from CLL EV ([Fig. 4](#F0004){ref-type="fig"}), has also been reported for exosomes released from B-cell lymphomas ([@CIT0026]).

These preliminary results with CLL have demonstrated the potential for DotScan to identify recognizable disease signatures on EV in the plasma. A related but somewhat different approach was recently described by Jakobsen et al. ([@CIT0070]), who used a 37-antibody EV array to profile exosomes from the plasma of non-small cell lung carcinoma patients and control subjects, using a cocktail of CD9, CD63 and CD81 antibodies. This analysis differed from ours in that whole plasma was analysed, yielding profiles of total plasma exosomes, including those derived from platelets and cells involved in inflammation.

Although the methods described in this study allowed the surface profiling of CLL-derived EV from the plasma of advanced CLL patients, higher sensitivity may be required for DotScan profiling of the less abundant subpopulations of EV in blood, for example, to detect early primary tumours or monitor minimal residual disease or recurrence of solid tumours. To improve the yield and quality of EV from plasma, the following points should be considered. The removal of platelets by centrifugation at 2,500×g (20 min, 4°C, 3 times) depletes EV of 100--300 nm diameter, as demonstrated by NanoSight analysis (p\<0.05; unpublished data). This centrifugation step should therefore be replaced by centrifuging twice at 1,500×g (20 min, 23°C). In addition, the use of heparin anti-coagulant should be avoided due to the stickiness of EV prepared from heparinized blood, resulting in less consistent DotScan results and reduced sensitivity.

We have shown that EV captured on antibody-coated Miltenyi microbeads (50 nm in diameter) can be profiled directly on DotScan (unpublished data). Positive enrichment for disease-specific EV from plasma using antibody-coated magnetic microbeads may avoid inadvertent CD61-depletion of disease-specific EV that have bound to, or fused with, platelet-derived EV ([@CIT0071]) or arise from CD61-expressing cancer cells ([@CIT0072],[@CIT0073]). In addition, the sensitivity of the DotScan EV assay could be increased by reducing background luminescence by replacing nitrocellulose-coated slides with glass slides coated with aldehyde silane, poly-L-lysine or aminosilane ([@CIT0074]). Although the profiling of CLL cells requires a surface such as nitrocellulose to minimize their tendency to adhere non-specifically (unpublished data), clear slides may provide a better surface for EV analysis.

The International Society for Extracellular Vesicles (ISEV) has provided researchers with a minimal set of biochemical, biophysical and functional criteria for discriminating EV from non-EV components ([@CIT0025]). As recommended by ISEV, the EV analysed in our study were prepared from conditioned cell culture medium and body fluids that were collected and treated "gently" to limit cell disruption. Over-confluent growth of cells was avoided during EV production, and the medium was collected and clarified by procedures that minimized damage to cells. Any apoptotic bodies or platelets were removed from plasma before freezing and/or ultracentrifugation, as shown by the absence of particles ≥500 nm by NanoSight analysis of clarified plasma and EV preparations. EV from blood samples processed 4 h after collection gave the same DotScan results as blood processed within 2 h of collection (not shown). Frozen plasma and EV pellets were thawed rapidly at 37°C to minimize disruption to the EV; re-freezing of EV-containing samples was avoided. Although the EV samples used for this study were not analysed by electron microscopy, EV purified previously from conditioned medium and plasma in our laboratory showed the presence of intact EV (not shown). Although the DotScan signals of CD61-depleted EV from the plasma of CLL patients were not compared with depleted plasma signals, they were compared with signals from similarly prepared CD61-depleted EV from the plasma of age- and gender-matched normal healthy individuals and found to be specific for CLL patients.

Tetraspanins such as CD9, CD63 and CD81 are often considered to be markers of exosomes. However, our DotScan results ([Figs. 2](#F0002){ref-type="fig"}, [3](#F0003){ref-type="fig"}) support previous reports of exosomes lacking in, or showing variable expression of, CD9 and/or CD63 ([@CIT0026],[@CIT0027]), further highlighting the importance of using a cocktail of antibodies for differentiating exosomes from other EV. Although CD81 was not included in the DotScan antibody panel for this study, highly variable CD81 expression levels have been reported for exosomes from B-cell lymphoma cell lines ([@CIT0026]) and CD34^+^ exosomes from the plasma of acute myeloid leukaemia patients ([@CIT0075]). To our knowledge, there is currently no single reliable marker for exosomes ([@CIT0076]).

Conclusions {#S0005}
===========

DotScan antibody microarrays have been used to compare surface protein profiles of cells and their EV isolated from conditioned growth medium of cell lines, or from the plasma of CLL patients. Further investigations will be required to determine whether the surface CD20 expression levels on CLL-derived EV are influenced by micro-environmental factors during EV secretion and/or have prognostic significance. The clinical significance of the high expression of CD62L detected on MEC1 EV and CLL EV from 4 patients with progressive CLL also requires clarification. Future comparisons of EV from more patients with progressive and stable CLL may further understanding of the mechanisms involved in disease progression.
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